Fusarium is a large and diverse genus of fungi of great agricultural and economic importance, containing many plant pathogens and mycotoxin producers. To date, high-throughput sequencing of Fusarium communities has been limited by the lack of genusspecific primers targeting regions with high discriminatory power at the species level. In the present study, we evaluated two Fusarium-specific primer pairs targeting translation elongation factor 1 (TEF1). We also present the new primer pair Fa؉7/Ra؉6. Mock Fusarium communities reflecting phylogenetic diversity were used to evaluate the accuracy of the primers in reflecting the relative abundance of the species. TEF1 amplicons were subjected to 454 high-throughput sequencing to characterize Fusarium communities. Field samples from soil and wheat kernels were included to test the method on more-complex material. For kernel samples, a single PCR was sufficient, while for soil samples, nested PCR was necessary. The newly developed primer pairs Fa؉7/Ra؉6 and Fa/Ra accurately reflected Fusarium species composition in mock DNA communities. In field samples, 47 Fusarium operational taxonomic units were identified, with the highest Fusarium diversity in soil. The Fusarium community in soil was dominated by members of the Fusarium incarnatum-Fusarium equiseti species complex, contradicting findings in previous studies. The method was successfully applied to analyze Fusarium communities in soil and plant material and can facilitate further studies of Fusarium ecology.
F
usarium is a large and diverse genus of fungi with various ecological characteristics, from saprotrophs to mycotoxin producers and phytopathogens, and also biocontrol agents and opportunistic human pathogens. It has worldwide distribution in numerous habitats and is often found in belowground and aboveground associations with plants (1) . The genetic diversity within Fusarium is high, and several morphospecies have been shown to represent species complexes (2) .
The genus is of great agricultural and economic importance, containing many plant pathogens and mycotoxin producers targeting a vast array of crops (3) . In cereal production, Fusarium species cause several important diseases associated with severe yield losses, including root and crown rot and Fusarium head blight (FHB) (4, 5) . The economic losses caused by Fusarium are due to both yield reductions (6, 7) and reduced grain quality, especially owing to the range of mycotoxins that these species produce, which are harmful to humans and other animals (8, 9) . In the case of FHB, this disease has several causal species, and 15 to 20 species have been associated with cereals (4, 10, 11) , where more than one species is commonly found in cereal grain samples (12, 13) . Important causal species of FHB worldwide are Fusarium graminearum, Fusarium asiaticum, Fusarium culmorum, and Fusarium avenaceum (14, 15) , with regional and annual variations in abundance (16) and dominant species (17) .
Furthermore, Fusarium is a typical soilborne genus, widely distributed and generally abundant in all types of soils around the world (18) . Some species complexes, such as the Fusarium oxysporum species complex (FOSC), the Fusarium solani species complex (FSSC), and the Fusarium incarnatum-Fusarium equiseti species complex (FIESC), are considered ubiquitous, while the distribution of some other species depends more on climate conditions (1) . However, several other environmental factors, including soil characteristics, crops, cultural practices, and human activities, may affect the diversity of Fusarium communities in soil, although the relative importance of these different parameters is poorly understood. Several soilborne fusaria, e.g., the different formae speciales of F. oxysporum, which are responsible for severe vascular wilts or root rot diseases in a wide range of crops of economic importance, are important plant pathogens. The FOSC also includes several well-known biological control agents (19) .
In addition, Fusarium can be found in aquatic habitats, including seawater, river water (20) , and drinking water sources (21) , and some populations seem to be particularly adapted to complex water distribution systems (22) . Moreover, many Fusarium species are of clinical importance, causing, e.g., serious corneal infections (23) and invasive infections in immunocompromised patients (24) . Several Fusarium species have also been reported as pathogens of marine animals (25, 26) .
Thus, several Fusarium species often cooccur in an environment. It is important to identify the fusaria present to the species level, since they have different life cycles, host ranges, mycotoxin profiles, and climate preferences, and since they respond differently to control methods (14, 27) . A common method for detect-ing and quantifying Fusarium in field samples is real-time PCR using species-specific primers (28) . Multiplex real-time PCR has been used for the simultaneous detection of multiple Fusarium species (29, 30) , but detection is still limited to a few species. Description of Fusarium diversity without targeting specific species is traditionally performed by isolation on selective media, and identification is based on morphological and/or molecular characteristics, but this is a time-consuming procedure (27, 31) .
In recent years, high-throughput sequencing of amplicon markers has provided new opportunities to study fungal communities in different environments, such as soil (32) and plant material (33) . However, the internal transcribed spacer (ITS), which is widely used as a barcode in fungal community studies (34, 35) , does not provide species-level resolution for Fusarium, and many fusaria have nonorthologous copies of the ITS2 region (33, 36, 37) . Therefore, the potential of high-throughput sequencing for studying Fusarium communities has not been exploited, limited by the lack of Fusarium-specific primers. However, LeBlanc et al. used high-throughput sequencing targeting of RBP2 to enrich Fusarium communities in soil, where about 13% of the RBP2 sequences were found to belong to Fusarium in their data set (38) .
Edel-Hermann et al. (39) previously developed a Fusariumspecific nested PCR assay, which they used together with cloning and sequencing to characterize Fusarium diversity in soil. The nested PCR assay targets the translation elongation factor gene (TEF1 or EF1-␣ gene). The TEF1 gene is a useful phylogenetic marker for Fusarium, frequently providing species-level discrimination (40) . An advantage of using the TEF1 gene for community studies is that it appears to be present as a single copy in Fusarium, allowing for more quantitative comparisons between species (40). Furthermore, many TEF1 sequences are available in databases, such as FUSARIUM-ID (http://isolate.fusariumdb.org) and the Fusarium multilocus sequence type (MLST) database (http: //www.cbs.knaw.nl/fusarium), facilitating sequence-based species identification. In this study, we evaluated and adapted the method developed by Edel-Hermann et al. (39) for high-throughput sequencing.
Under optimal conditions, high-throughput sequencing of amplicon markers is semiquantitative, providing information on the relative abundance of each species. However, a PCR that targets a mixed template of several species is associated with several biases which may distort quantitative relationships in the amplicon pool compared with the original template. Such biases can be caused by, for example, primer mismatches to some taxonomic groups (41) , variation in GC content (42) , and different lengths of amplicons between species (43). Therefore, it is important to evaluate the performance of group-specific primers on mixed templates when the aim is to make quantitative comparisons between species.
Mock communities are defined mixtures of microbes or their DNA to mimic natural communities and are often used to evaluate the performance of primers targeting specific taxonomic groups (43) (44) (45) . Previous studies using mock communities have revealed biases of universal primers targeting the ITS region for fungi (43, 46) and the 16S gene for bacteria (45, 47) . Mock communities also serve as a positive control in high-throughput sequencing studies (44) .
In the present study, we evaluated the Fusarium-specific nested PCR assay developed by Edel-Hermann et al. (39) using Fusarium mock communities and field samples. The aims of the study were to (i) evaluate the accuracy of the primers in reflecting quantitative relationships between species, (ii) adapt and test the method with high-throughput sequencing, and (iii) apply the method to characterize Fusarium communities in more complex environmental material, namely, soil and plant tissue. We present a new primer pair and an evaluation of the method described by EdelHermann et al. (39) to characterize Fusarium communities in complex material by using 454 high-throughput sequencing.
MATERIALS AND METHODS
Three sets of primer pairs were employed to amplify Fusarium mock communities and evaluated in two experiments using 454 high-throughput sequencing. In the first experiment, a nested PCR assay using primer pairs EF1/EF2 (48) and Fa/Ra (39) was evaluated. In the second experiment, the new primer pair Faϩ7/Raϩ6 replaced the EF1/EF2 primers.
Evaluation of PCR with EF1/EF2 and Fa/Ra. (i) Mock communities. Mock communities of DNA from 10 Fusarium species were assembled ( Table 1) . Delimitation of the genus Fusarium is an ongoing task (51). Our Fusarium mock communities included species from the clades grouped in internode F2 by O'Donnell et al. (2) . This definition does not include the Fusarium dimerum and Fusarium ventricosum species complexes. Species were chosen to reflect the phylogenetic diversity of Fusarium, including species of ecological and agricultural interest, such as Fusarium graminearum and F. oxysporum. The closely related species Fusarium tricinctum and F. avenaceum were included to provide guidance for the clustering of sequences into species-level operational taxonomic units (OTUs).
Fusarium isolates were grown on potato dextrose agar (PDA), and DNA was extracted with the DNeasy plant minikit (Qiagen, Germany). Fungal mycelium (100 mg), 300 l of 1-mm glass beads, and 530 l of lysis buffer were added to a tube, and samples were run for 40 s at 6 m/s in a FastPrep FP120 bead beater machine (Thermo Electron Corporation, MA, USA). The extraction was continued with the QiaCube (Qiagen) using the standard plant cell and tissue protocol. DNA concentration was measured on a NanoDrop 1000 spectrophotometer (Thermo Scientific, MA, USA), and mock communities were prepared by mixing DNA in equal concentrations. We created three types of Fusarium mock communities: 10% each of all 10 Fusarium species included (Table 1), 90% F. oxysporum and 10% F. graminearum, and 90% F. graminearum and 10% F. oxysporum. Water controls were included throughout the extraction procedure.
(ii) PCR and 454 sequencing. The nested PCR consisted of primer pairs EF1 and EF2 (48) and Fa and Ra (39) , amplifying an ϳ550-to 600-bp-long product of the Fusarium TEF1 gene ( Table 2 ). To evaluate the potential bias for each primer pair in the nested PCR, we prepared two versions of the 10-species mock community: a mix of the 10 species run with both primer pairs (community A) and species run individually with EF1/EF2 and amplicons mixed and run with Fa/Ra (community B). Mock communities consisting of two species (communities C and D) were run with the nested PCR assay only (Table 3) . Mock communities were run in three individually tagged PCR replicates. Individual Fusarium species and mock communities A, C, and D were run with EF1/EF2 in 25-l reaction mixtures with 0.8 ng/l of template, 150 M each nucleotide, 1.5 mM MgCl 2 , 400 nM each primer, and 0.12 U/l of polymerase (HotStarTaq Plus; Qiagen) in PCR buffer. The PCR conditions on a C1000 ThermoCycler (Bio-Rad, CA, USA) were 5 min at 95°C; 30 cycles of 1 min at 95°C, 75 s at 57°C, and 1 min at 72°C; and 10 min at 72°C.
Mock community B was assembled from PCR products of the 10 species in equal concentrations. PCR products were cleaned using AMPure (Beckman Coulter, CA, USA), and the DNA concentration was measured on a NanoDrop 1000 spectrophotometer (Thermo Scientific).
A PCR with Fa and Ra primers was run with 25-l reaction mixtures with 1 l of the PCR product or 0.8 ng/l of the template, 150 M each nucleotide, 1.5 mM MgCl 2 , 200 nM each primer, and 0.12 U/l of polymerase in PCR buffer. The PCR conditions were 5 min at 95°C; 40 cycles of 1 min at 94°C, 1 min at 67°C, and 1 min at 72°C; and then 10 min at 72°C. The sizes and concentrations of amplicons were evaluated on 1% agarose gels. The Fa primer was tagged with a 9-bp sample identifying tag (see Data Set S1 in the supplemental material), all starting with thymine. Tags were designed and evaluated for compatibility with the primer sequences using BARCRAWL software (52) .
PCR products were cleaned using AMPure, and the DNA concentration was measured on a NanoDrop spectrophotometer. Samples were pooled in equal concentrations, and the pool was freeze-dried and sent to LGC Genomics (Germany) for adaptor ligation and sequencing on 1/16 of a plate on a GS FLX titanium sequencer (Roche, Switzerland). Field samples were also included on the same sequencing plate, but based on the results of the primer evaluation, we decided not to further analyze these samples.
Evaluation of PCR with Fa؉7/Ra؉6 and Fa/Ra. (i) Primer design. Based on the results of the first experiment, it was concluded that it was necessary to replace the EF1/EF2 primer pair. First, a nested PCR with Fa/Ra in both steps was tested but produced only a smear or no product at all. Therefore, the new primers Faϩ7 and Raϩ6 were designed by extending primers Fa and Ra at their 5= ends. The TEF1 sequences of several Fusarium species and a range of other fungi were compared. Special attention was paid to fungi closely related to Fusarium, such as Cylindrocarpon (2) and Trichoderma (39) . Primers Fa and Ra were extended with all the nucleotides common to the sequences of all Fusarium sequences, corresponding to 7 nucleotides for Fa (Faϩ7) and 6 nucleotides for Ra (Raϩ6) ( Table 2 ; Fig. 1 ).
(ii) Mock communities. The same 10 Fusarium species were included as in the first experiment (Table 1) . DNA was extracted from freeze-dried powder of mycelium with the DNeasy plant minikit (Qiagen). Mycelium was freeze-dried using a Christ Beta 1-8 LD freeze-dryer (Christ, Germany). DNA of each Fusarium species was quantified using Qubit (Thermo Scientific), and three mixes of DNA extracts from the 10 species in equal concentrations were prepared to control for pipetting error.
(iii) Field samples. To evaluate the performance of the primers on more-complex material, field samples from soil and winter wheat kernels were included. Soil samples were collected from arable soils in six different regions in France. The soils had different physicochemical characteristics, with the amounts of organic matter ranging from 1.5% to 4.1% and pHs ranging from 7.1 to 8.3. At each location, 20 kg of soil was taken within an area of several square meters at 2-to 15-cm depths and homogenized. Nucleic acids were extracted from three 2-g subsamples of soil with 4 g of 100-m silica beads, 5 g of 1.4-mm ceramic beads, eight 4-mm glass beads, and 8 ml of lysis buffer containing 100 mM Tris-HCl (pH 8), 100 mM EDTA (pH 8), 100 mM NaCl, and 2% (wt/vol) sodium dodecyl sulfate. Physical and chemical disruptions were performed as described in the ISOm procedure by Plassart et al. (53) . The crude nucleic acid extracts were purified twice using a polyvinylpolypyrrolidone spin column and once using a Geneclean turbo kit (MP Biomedicals, France).
Winter wheat kernels from 18 fields in central Sweden were collected at harvest in 2012. From each sample of about 1 kg, 100 g of kernels was milled with a Grindomix GM 200 (Retsch GmbH, Germany) (30 s at 6,000 min Ϫ1 and twice for 10 s at 10,000 min Ϫ1 ). DNA was extracted from two 100-mg subsamples of each milled sample. DNA extraction was performed as described above for fungal cultures, except that a Retsch MM 400 oscillatory mill (Retsch GmbH) was used to disrupt the plant material (30,000 min Ϫ1 for 40 s). DNAs from two extraction replicates were pooled before PCR. Water controls were included during the DNA extractions for both sample types.
(iv) PCR and 454 sequencing. The Fusarium mock communities were run either in a nested PCR with both Faϩ7/Raϩ6 and Fa/Ra or in a single PCR with only Fa/Ra to evaluate both primer pairs (Table 3) . Each mixture of the mock communities was run in three individually tagged PCR replicates. For the wheat kernel samples, a sufficient amount of PCR product was obtained only with Fa/Ra, while the nested PCR was necessary for soil samples. Some of the soil samples produced smears; consequently, PCR products were diluted 1:10 before being added to the second PCR mixture. The number of cycles of the Fa/Ra assay was adapted for each field sample and ranged from 20 to 35, in order to limit the risk of errors associated with many PCR cycles. Samples were first subjected to a test run to determine the minimum number of cycles necessary to give weak to moderately strong bands on the gel.
Both PCRs were run in 25-l reaction mixtures with 0.8 ng/l of the template or 2 l of the PCR product, 190 M each nucleotide, 2.75 mM MgCl 2 , primers at 200 nM, and 0.12 U/l of polymerase (DreamTaq Green, Thermo Scientific) in PCR buffer. The PCR conditions on a model 2720 thermal cycler (Life Technologies, Carlsbad, CA, USA) were 3 min at 94°C; 20 cycles (for Faϩ7/Raϩ6) and 25 cycles (or a variable number of cycles) (for Fa/Ra) of 1 min at 94°C, 1 min at 67°C, and 1 min at 72°C; and 10 min at 72°C. The sizes and concentrations of amplicons were evaluated on 1% agarose gels. The Fa primer was tagged with a 9-bp sample identifying tag, as described above. PCR products were cleaned using AMPure (Beckman Coulter). The DNA concentration of the band corresponding to a PCR product of the expected size was measured using capillary electrophoresis on a MultiNA (Shimadzu, Japan) instrument, and the samples were pooled in equal concentrations. The sample pool was sent to Eurofins MWG GmbH (Germany) for adaptor ligation and sequencing on one-fourth of a plate using a GS FLXϩϩ 454 sequencer (Roche, Switzerland). Before being sequenced, the amplicon pool was purified by gel extraction.
Bioinformatics, species identification and primer evaluation. The 454 sequencing data were analyzed using the SCATA pipeline (M. Brandström Durling, K. E. Clemmensen, J. Stenlid, and B. Lindahl [http://scata .mykopat.slu.se]). The FLX sequencer used for the first experiment generates shorter reads than the FLXϩϩ sequencer; therefore, the quality control settings were somewhat different for the two experiments. The FLX sequences were screened only for the tagged primer, since most of the reads were shorter than the PCR amplicons (550 to 600 bp). Sequences were screened for matches to the sample identifying tags and primer sequences, with allowance for three (FLX) and one (FLXϩϩ) mismatches to the primers. Sequences shorter than 250 bp (FLX) and 500 bp (FLXϩϩ) and those with low-quality scores were discarded (mean quality score, Ͻ20; base score, Ͻ10). In addition, the FLX sequences were cut to 350 bp in order to avoid similar sequences splitting into separate clusters due to differences in length.
Clustering into operational taxonomic units (OTUs) was performed in SCATA, which implements single-linkage clustering, which is efficient in handling sequencing errors (54) . The sequences passing the quality control assessment were clustered at a 1.5% dissimilarity cutoff (settings were as follows: the minimum alignment was 85%, homopolymers were collapsed to 3 bp, USEARCH was used as the cluster engine, the mismatch penalty was 1, the gap open penalty was 2, the gap extension was 1, and the end gap weight was 0). The settings were chosen to approximate species level, where the 10 species in the mock communities would be retrieved in separate OTUs.
Low-abundance OTUs in high-throughput data sets may be the result of PCR and sequencing errors (55) . The inclusion of mock communities helps to determine the cutoff level for low-abundance OTUs. We therefore considered all OTUs in the mock communities, other than the 10 expected, noise. In addition, singletons were removed on a per-sample basis to control for primer cross-contamination and tag switching (56) .
A first screening for Fusarium OTUs was done by subjecting the most abundant sequence in each OTU to a BLAST search against sequences in GenBank. OTUs that did not yield any hit with identity and coverage of Ͼ70% were considered chimeric or artificial and were removed. A few OTUs with similarity to closely related genera (e.g., Cylindrocarpon) were further evaluated using a tree including Fusarium reference sequences to account for misidentified sequences in GenBank. The remaining OTUs that had at least one hit containing Fusarium or their teleomorph names were included in further analyses.
For species identification, reference Fusarium TEF1 sequences were included in the clustering in SCATA, but these did not affect the clustering process. Thereafter, if needed, the species identification was refined using BLAST analysis with curated sequences in the Fusarium MLST database. The OTUs were identified to the species level or to the type level within a species complex with 99.4% similarity or more (49, 50) . For OTUs related to F. avenaceum and Fusarium brachygibbosum, BLAST analysis was performed with sequences in GenBank. Only sequences associated with a publication and a description of the corresponding strain were considered. Fusarium sequences were aligned in the standalone version of MAFFT (57), and a maximum-likelihood tree was built with PhyML (58) in Seaview. Branch support was estimated with bootstrap analysis with 100 replicates. To evaluate the ability of the primers to equally represent all species, the expected relative abundance of each species in the mock communities was compared against the observed relative abundance of the corresponding OTU. Pielou's evenness was calculated to compare levels of community evenness between nested and single-PCR results (59) .
Nucleotide sequence accession numbers. Demultiplexed raw sequence data were deposited in the Sequence Read Archive (http://www .ncbi.nlm.nih.gov/sra) under accession number SRP061762. Representative sequences of Fusarium OTUs are available in GenBank (KU257555 to KU257603).
RESULTS

Evaluation of PCR with EF1/EF2
and Fa/Ra. In the first experiment, the performance of the Fusarium-specific nested PCR assay described by Edel-Hermann et al. (39) was evaluated by amplifying mock communities with the EF1/EF2 and Fa/Ra primers and subjecting the amplicon pools to 454 sequencing.
The 454 FLX run generated 145,980 reads, of which 13% passed quality control. Most of the reads were discarded, as they lacked the 5= primer (66%). This was expected, as the PCR products were longer (ϳ550 to 600 bp) than the capacity of the sequencer (mean read length, 344 bp). With ligated sequencing adaptors, the direction of the sequencing is random, meaning that about half of the reads would be sequenced from the nonbarcoded primer end. This resulted in a low number of reads for most samples (median, 342 reads).
Clustering at 1.5% dissimilarity resulted in 101 operational taxonomic units (OTUs). After the OTUs corresponding to the 10 species in the mock communities had been identified, the most abundant OTU of the remaining low-abundance OTUs was represented by eight sequences. Thus, the cutoff for low-abundance OTUs in the full data set containing both mock community and field samples was set to eight sequences per OTU, leaving 13 OTUs, of which three originated from field samples not accounted for here. The species with the lowest abundance in the mock communities was F. avenaceum, which was represented by 31 sequences. One of the extraction controls was found to be contam-inated with F. equiseti, but there was no sign of contamination of the other samples.
The nested PCR did not perform well in reflecting the original abundance of different species in the mock communities. Some species were highly overrepresented, while others could scarcely be detected (Fig. 2A) . In the two-species mixtures, F. oxysporum dominated even when it constituted only 10% of the original DNA pool (Fig. 2C and D) . However, when the Fa/Ra primers were run directly on a mix of EF1/EF2 amplicons from the 10 species, the representation of all 10 species was greatly improved (Fig. 2B) , suggesting that the EF1/EF2 primers are biased against some species.
Evaluation of PCR with Fa؉7/Ra؉6 and Fa/Ra. Based on the results of the first experiment, we decided to replace the first primer pair in the nested PCR, EF1/EF2, with the newly designed primer pair, Faϩ7/Raϩ6. The experiment was repeated using Faϩ7/Raϩ6 and Fa/Ra to amplify Fusarium mock communities and field samples.
The 454 FLXϩϩ run (including both mock communities and field samples) generated 229,235 reads, of which 50% passed the quality control. Clustering yielded 729 OTUs, of which most had fewer reads than the cutoff (592 reads). The cutoff for low-abundance OTUs was found to be eight sequences per OTU. There was a large gap between the cutoff and the least abundant species in the mock communities, which was represented by 1,909 sequences (F. oxysporum). The fact that so many low-abundance OTUs were present can be explained by the gap penalty settings, which caused low-quality sequences with many gaps to be excluded from the more abundant OTUs. In total, 60 OTUs were larger than the cutoff, of which 11 were removed during the BLAST check (no BLAST hits, n ϭ 5; non-Fusarium, n ϭ 6). The non-Fusarium OTUs were similar to wheat sequences and fungi closely related to Fusarium. The quality control left 100,376 sequences in 49 Fusarium OTUs. None of the extraction controls yielded any sequences.
Using the new primers, the original species abundances in the mock community were well reflected with both single and nested PCRs (Fig. 3) . The difference between the most abundant and the least abundant species was about 2-fold with the new primer pair, while the difference was 2 orders of magnitude when EF1/EF2 were used in the first PCR step ( Fig. 2A and 3A ). There were fewer reads from the samples run with nested PCR (mean Ϯ standard deviation [SD], 1,214 Ϯ 226 reads) than from the samples run in a single PCR (mean Ϯ SD, 3,011 Ϯ 226 reads). Overall, the patterns in relative abundances were similar between single and nested PCRs, but Pielou's evenness was slightly higher with the single PCR (mean Ϯ SD, 0.986 Ϯ 0.003) than with the nested PCR (mean Ϯ SD, 0.976 Ϯ 0.003), indicating a slight distortion by the extra PCR.
Nevertheless, some species were still consistently overrepresented and underrepresented with both single and nested PCRs (Fig. 3) . In silico, the primers matched perfectly with all species included in the mock communities, so other factors must have played a role. In our data set, the species with the longest (F. solani) and shortest (Fusarium sambucinum) amplicons were clearly underrepresented and overrepresented, respectively (Fig. 4) .
Field samples. The performance of the PCR assay on morecomplex templates was tested on samples from agricultural soil and wheat kernels. Nested PCR with Faϩ7/Raϩ6 and Fa/Ra was necessary for successful amplification of soil samples, but it was possible to amplify kernel samples using a single PCR with the Fa/Ra primers.
In total, 49 Fusarium OTUs were identified in the data set, including from both mock communities and field samples ( Fig. 5;   F see also Data Set S2 in the supplemental material), of which all but one could be identified to the species or species complex level. In field samples, 47 OTUs were identified, meaning that 8 of the 10 species in the mock communities were present in the field samples. The clustering settings were adapted to discriminate between closely related species, such as F. avenaceum and F. tricinctum or F. graminearum and F. culmorum, that occurred in the kernel samples (Fig. 5) . With these settings, diversity within FOSC, FIESC, FSSC, and F. avenaceum was revealed (Fig. 5) . The primers were designed to target the Fusarium species delimited by internode F2 in the work of O'Donnell et al. (2) , which excludes the F. dimerum and F. ventricosum species complexes (F1 internode). In field samples, we detected OTUs in the F. dimerum species complex (FDSC) (Fig. 5) . The primers have two mismatches from F. dimerum (data not shown), which probably limits the ability to describe its relative abundance accurately with this method.
Soil samples had the greatest Fusarium diversity, with 37 OTUs (Fig. 6A) , while 12 OTUs were found in the kernel samples (Fig.  6B) . The Fusarium species compositions were completely different in soil and kernel samples (Fig. 6 ). Only two OTUs were shared between soil and kernel samples: F. culmorum and Fusarium acuminatum.
FIESC and FOSC were found to be dominant among the soil samples, with 48% and 28% of the reads, respectively. The reads were distributed in 10 OTUs for FIESC and in 9 OTUs for FOSC, but one OTU was particularly dominant in each species complex (Fig. 6A) . The other most-represented taxa were related to Fusarium brachygibbosum (8.3% of the reads, n ϭ 4 OTUs), FDSC (5% of the reads, n ϭ 5 OTUs), and FSSC (4.6% of the reads, n ϭ 4 OTUs).
In kernel samples, 2 to 8 Fusarium OTUs were present per sample, with a median of 4.5 OTUs. F. graminearum and F. avenaceum dominated the kernel samples, with 60% and 26% of the reads, respectively, followed by F. culmorum (6.4% of the reads) and F. tricinctum (3.7% of the reads). The reads were distributed in four OTUs related to F. avenaceum.
DISCUSSION
In this study, we developed and evaluated a Fusarium-specific PCR assay to characterize Fusarium communities in field samples in conjunction with high-throughput sequencing. We improved the PCR assay presented by Edel-Hermann et al. (39) by replacing the first primer pair of the nested PCR, EF1/EF2, with the new primer pair, Faϩ7/Raϩ6, presented in this study. The new primer pair significantly improved the representation of phylogenetically diverse Fusarium species through nested PCR and sequencing.
The specificity of the Fa/Ra primers has been demonstrated previously (39) , and contamination with non-Fusarium sequences was low in our study. The mock communities were useful in setting the clustering threshold and determining the cutoff for rare OTUs. All OTUs with fewer than eight sequences were removed, which might have excluded some rare Fusarium OTUs in the field samples. However, we chose to adopt a conservative approach, since it is difficult to distinguish true biological sequences from ones that are artificial among rare OTUs in high-throughput data sets.
In our study, PCR with the EF1/EF2 primer pair skewed the relative abundances of the Fusarium species in the mock communities. This may be due to primer mismatches to some species, causing underrepresentation of these species. However, it is difficult to verify the presence of mismatches to the EF1/EF2 primer pair, since most Fusarium TEF1 sequences available in public databases are generated with these primers. Nevertheless, sequences of TEF1 obtained from complete genomes of F. oxysporum, Fusarium proliferatum, and Fusarium verticillioides had no mismatch with the primer pair. In contrast, the two genomes of F. graminearum sequenced showed one mismatch between their TEF1 sequence and primer EF1 (60, 61) . Fusarium graminearum was highly underestimated in Fusarium mock communities amplified with EF1/EF2 in our study.
The Fa/Ra primer pair preserved the quantitative relationship between species in the mock communities in both experiments. Nevertheless, mock communities of DNA or EF1/EF2 amplicons run with Fa/Ra differed between the two experiments ( Fig. 2B and  3B ). For example, F. avenaceum was underrepresented in the first experiment but not in the second. However, pipetting error was not taken into account in the first experiment, as only one mix of amplicons from 10 species was prepared. Furthermore, the DNA concentration in the first experiment was measured with Nanodrop, which is considered less accurate than the QuBit fluorometer used for the second experiment. The low number of reads in the first experiment (mean, 219 reads for Fa/Ra) was also expected to increase the sensitivity to random effects.
In the second experiment, there was a 2-fold difference between the numbers of OTUs of the most abundant and the least abundant species in the mock communities. It is known that longer amplicons are discriminated during PCR and the emulsionbased PCR (emPCR) step in 454 sequencing (62). For example, Ihrmark et al. (43) found a clear relationship between length of the fungal ITS sequence and its abundance in their 454 sequencing data set. In our study, amplicon length was able to explain varia- tion in abundance to some extent, especially for the species with the longest (F. solani) and shortest (F. sambucinum) amplicons (Fig. 4) . On the other hand, the low abundance of F. oxysporum could not be explained by amplicon length. However, the mock communities were prepared by mixing equal amounts of genomic DNA, and differences in genome size would have resulted in various ratios of the TEF1 gene to total DNA concentration. For example, the genome of F. oxysporum f. sp. lycopersici has been estimated to be 59.9 Mb, compared with 36.2 Mb for F. graminearum (63) . We do not have information on the genome size of the F. oxysporum strain used in our study, but if it also has a large genome compared with those of the other species, this could explain the underrepresentation of this species. When large amounts of Fusarium DNA are present, a single PCR is sufficient, as demonstrated for the kernel samples. In contrast, when the amount of DNA is small and the substrate is complex, which was the case for the soil samples, the nested PCR can be used. Nested PCR has been associated with biases if many cycles are run in the first PCR (64) . In our study, the mock community run with the nested PCR was more uneven than when only a single PCR was used. Overall, however, the quantitative relationship between species was well preserved. There were fewer reads from nested PCR samples, which may indicate that more low-quality amplicons were generated. Although nested PCR might produce lower-quality sequences, it enables the amplification of a single-copy gene. The TEF1 gene is present in single copy in Fusarium (40) ; therefore, the relative abundances of different species are directly comparable. This is in contrast to ribosomal marker genes, for which the copy number can be highly varied between species (65).
In soil samples, the FIESC was the dominant species complex, with almost half the reads, followed by the FOSC. This contradicts previous findings on Fusarium diversity in soil, as F. oxysporum has been considered the dominant species in soil for decades (66) , and recent studies reached the same conclusion (39, 67, 68) . However, most of these previous studies used cultural approaches to analyze Fusarium diversity, and culture media may favor species that rapidly produce a significant number of microconidia, such as members of the FOSC. Our results suggest that previous analyses using culture-dependent methods produced a distorted view of Fusarium species composition in soil. Nevertheless, using a clone library obtained from soil DNA, Edel-Hermann et al. (39) also found the FOSC to be dominant and the FIESC to be weakly represented in soils. The discrepancy between that study and ours must be attributable to the different primer pair used in the first step of the nested PCR, since we showed that, with the EF1/EF2 primer pair, F. equiseti was highly underrepresented and F. oxysporum was overrepresented. In a recent study, LeBlanc et al. enriched Fusarium sequences from soil using primers targeting RPB2 and found a dominance of F. tricinctum and F. oxysporum in grassland soil (38) . However, no evaluation of these primers using mock communities was presented, so it is unclear whether the difference in Fusarium composition was due to the primers used or the soil itself.
F. brachygibbosum accounted for a significant proportion of the soilborne fusaria, although its presence in environmental samples has rarely been reported previously. However, this novel species may have been previously misidentified as a member of the FIESC or the F. chlamydosporum species complex (50) . Members of the FDSC also represented a substantial part of the Fusarium communities in soil. Again, these species were not found in soil in recent studies using a cultural approach (39, 67, 68) , although several isolates originating from soil have been described (69) . On the other hand, members of the FSSC represented by 5% of the reads in our study have been frequently isolated from soil (39, 67, 68, 70) .
In wheat kernel samples, F. graminearum was the dominant species, followed by F. avenaceum and F. culmorum, all of which are common in cereal grain (14) . We detected several OTUs identified as F. avenaceum, revealing intraspecific diversity. This species has previously been reported to harbor high diversity (71) . Up to eight OTUs were present in the same sample, indicating that species-specific PCR assays may soon become laborious when attempting to capture Fusarium diversity in cereals. The method presented here can become a valuable tool for monitoring the spectrum of Fusarium species present in harvested cereals, as it facilitates detection of shifts in dominant species and emergent Fusarium species through time and space. It provides information on the relative abundances of Fusarium species present but could be complemented with real-time PCR using the Fa/Ra primers to estimate the total amount of Fusarium.
The amplicons produced by Fa/Ra are relatively long, up to 600 bp. 454 pyrosequencing is well suited to produce sequences of this length. However, competing technologies, such as Illumina or IonTorrent, do not produce sequences of this length, but read lengths have continuously increased during recent years (72) . The so-called third-generation sequencing methods, e.g., PacBio (73) , producing reads of up to 20 kb (72) , are an interesting new possibility.
In conclusion, the primer pairs Faϩ7/Raϩ7 and Fa/Ra accurately reflected Fusarium species composition in DNA mock communities analyzed with high-throughput sequencing. The method was successfully applied to analyze Fusarium communities in soil and plant material. The inclusion of mock communities was valuable to guide the bioinformatic analysis and assess variation introduced during PCR and sequencing. Mock communities could be included in further high-throughput studies using the primers presented here at low additional cost and could be adapted by including Fusarium species of interest in a particular study.
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